In this work we study the sensitivity on the anomalous magnetic and electric dipole moments of the tau-neutrino in the framework of the
I. INTRODUCTION
In the Standard Model (SM) [1] [2] [3] minimally extended with Dirac neutrino masses, the neutrino magnetic moment induced by radiative corrections is unobservably small [4] [5] [6] ,
where µ B = e/2m e is the Bohr Magneton. Current limits on these magnetic moments are several orders of magnitude larger, so that a magnetic moment close to these limits would indicate a window for probing effects induced by new physics beyond the SM [6] . Similarly, a neutrino electric dipole moment will also point to new physics and will be of relevance in astrophysics and cosmology, as well as terrestrial neutrino experiments [7] . Some bounds on the neutrino magnetic moment are shown in Table I . Laboratory experiment TEXONO µ ν < 2.9 × 10 −11 µ B 90% [9] Cooling rates of white dwarfs µ ν < ∼ 10 −11 µ B 90% [10] Cooling rates of red giants µ ν < ∼ 3 × 10 −12 µ B 90% [11] Supernova energy loss µ ν < ∼ (1.1 − 2.7) × 10 −12 µ B 90% [12] Absence of high-energy events in the µ ν < ∼ 10 −12 µ B 90% [13] SN1987A neutrino signal Standard model (Dirac mass) µ ν ≃ 3.1 × 10 −19 (m ν /1 eV )µ B [4] [5] [6] In the case of the anomalous magnetic moment of the tau-neutrino, the current best limit on µ ντ has been obtained in the Borexino experiment which explores solar neutrinos. Searches for the magnetic moment of the tau-neutrino have also been performed in accelerator experiments. The experiment E872 (DONUT) is based at ν τ e − ,ν τ e − elastic
scattering. In the CERN experiment WA-066, a limit on µ ντ is obtained on an assumed flux of tau-neutrinos in the neutrino beam. The L3 collaboration obtain a limit on the magnetic moment of the tau-neutrino from a sample of e + e − annihilation events at the Z resonance.
Experimental limits on the magnetic moment of the tau-neutrino are shown in Table II .
Others limits on the magnetic moment of the µ ντ are reported in the literature . Borexino Solar neutrino µ ντ < 1.9 × 10 −10 µ B 90% [8] E872 (DONUT) Accelerator ν τ e − ,ν τ e − µ ντ < 3.9 × 10 −7 µ B 90% [37] CERN-WA-066 Accelerator µ ντ < 5.4 × 10 −7 µ B 90% [38] L3 Accelerator µ ντ < 3.3 × 10 −6 µ B 90% [39] The discovery of CP violation in the decays of neutral kaons [40] , and later in the decays of neutral B mesons [41] and D 0 [42] , In the case of the electric dipole moment of the tau-neutrino some theoretical limits are presented in Table III . Others limits on the d ντ are reported in the literature [19-27, 29, 30] . The U(1) B−L model [45] [46] [47] [48] [49] is one of the simplest extensions of the SM with an extra U(1) local gauge symmetry [50] , where B and L represent the baryon number and lepton number, respectively. This B-L symmetry plays an important role in various physics scenarios beyond the SM. The features that distinguish the U(1) B−L models from other models are the following: a) The gauge U(1) B−L symmetry group is contained in the Grand Unification Theory (GUT) described by a SO(10) group [45] . b) The scale of the B-L symmetry breaking is related to the mass scale of the heavy right-handed Majorana neutrino mass terms and provide the well-known see-saw mechanism [51] [52] [53] [54] [55] to explain light left-handed neutrino mass. c) The B-L symmetry and the scale of its breaking are tightly connected to the baryogenesis mechanism through leptogenesis [6] . Linear Collider (ILC) [58] [59] [60] [61] [62] [63] and the Compact Linear Collider (CLIC) [64] [65] [66] .
The B-L model [67, 68] is attractive due to its relatively simple theoretical structure. this angular interval that is −0.7 < cos θ γ < 0.7 we see that only 6 events were found, this is the real background, not 14 events. In this case a simple method [24, 85, 86] is that at This paper is organized as follows: In Section II, we present the B-L theoretical model.
In Sec. III we present the calculation of the process e + e − → ν τντ γ in the context of the B-L model. Finally, we present our results and conclusions in Sect. IV.
II. BRIEF REVIEW OF THE B-L THEORETICAL MODEL
The solid evidence for the non-vanishing neutrino masses has been confirmed by various neutrino oscillation phenomena and indicates the evidence of new physics beyond the SM. In the SM, neutrinos are massless due to the absence of right-handed neutrinos and the exact B-L conservation. The most attractive idea to naturally explain the tiny neutrino masses is the seesaw mechanism [52] [53] [54] 87] , in which the right-handed (RH) neutrinos singlet under the SM gauge group is introduced. The gauged U(1) B−L model based on the gauge group , 88] is an elegant and simple extension of the SM in which the RH heavy neutrinos are essential both for anomaly cancelation and preserving gauge invariance. In addition, the mass of RH neutrinos arises associated with the U(1) B−L gauge symmetry breaking. Therefore, the fact that neutrinos are massive indicates that the SM requires extension.
We consider a SU(3) 
where The model consists of one doublet Φ and one singlet χ and we briefly describe the lagrangian including the scalar, fermion and gauge sector, respectively. The Lagrangian for the gauge sector is given by [48, 83, 89, 90] ,
where W The Lagrangian for the scalar sector of the model is
where the potential term is [81] ,
with Φ and χ as the complex scalar Higgs doublet and singlet fields, respectively. The covariant derivative is given by [79] [80] [81] 
where g s , g, g 1 and g An effective coupling and effective charge such as g ′ and Y ′ are usually introduced as
and some specific benchmark models [91, 92] can be recovered by particular choices of bothg and g The doublet and singlet scalars are
with G ± , G Z and z ′ the Goldstone bosons of W ± , Z and Z ′ , respectively, while v ≈ 246 GeV is the electroweak symmetry breaking scale and v ′ is the B-L symmetry breaking scale constrained by the electroweak precision measurement data whose value is assumed to be of the order T eV .
After spontaneous symmetry breaking, the two scalar fields can be written as,
with v and v ′ real and positive.
In Table IV , the interactions of h and H with the gauge bosons and scalar are expressed in terms of the parameters of the B-L model.
To determine the mass spectrum of the gauge bosons, we have to expand the scalar kinetic terms as with the SM. We expect that there exists a massless gauge boson, the photon, while the other gauge bosons become massive. The extension we are studying is in the Abelian sector of the SM gauge group, so that the charged gauge bosons W ± will have masses given by their SM expressions related to the SU (2) 
with
and the mass spectrum of the gauge bosons is given by In the Lagrangian of the 
From this Lagrangian we determine the expressions for the new couplings of the Z, Z 
III. THE DECAY WIDTHS OF THE Z ′ BOSON IN THE B-L MODEL
In this section we present the decay widths of the Z ′ boson [97, 98, [100] [101] [102] [103] [104] in the context of the B-L model needed in the calculation of the cross section for the process e + e − → ν τντ γ.
The decay width of the Z ′ boson to fermions is given by
where N c is the color factor (N c = 1 for leptons, N c = 3 for quarks) and the couplings g Table IV .
The decay width of the Z ′ boson to heavy neutrinos is 
where the width given by Eq. (14) implies that the right-handed neutrino must be lighter
, and the conditions under which this inequality holds is for coupled heavy neutrinos, i.e. with minor mass less than
. The possibility of the Z ′ heavy boson decaying into pairs of heavy neutrinos is certainty one of the most interesting of its features.
The Z ′ partial decay widths involving vector bosons and the scalar bosons are
In the B-L model, the heavy gauge boson mass M Z ′ satisfies the relation M Z ′ = 2v ′ g ′ 1 [48, 49, 67, 68, 79, 80] , and considering the most recent limit from
105, 106], it is possible to obtain a direct bound on the B-L breaking scale v ′ . In our next numerical calculation, we will take v ′ = 3.45 T eV , while α = π 9
for the h − H mixing angle in correspondence with Refs. [48, 56, 57, 107] .
IV. THE TOTAL CROSS SECTION
In this section we calculate the total cross section for the reaction e + e − → ν τντ γ. The respective transition amplitudes are thus given by
and
where the most general expression consistent with Lorentz and electromagnetic gauge invariance, for the tau-neutrino electromagnetic vertex may be parameterized in terms of four form factors:
where e is the charge of the electron, m ντ is the mass of the tau-neutrino, q µ is the photon momentum, and F 1,2,3,4 (q 2 ) are the electromagnetic form factors of the neutrino, corresponding to charge radius, MM, EDM and anapole moment (AM), respectively, at q 2 = 0 [15, [108] [109] [110] [111] [112] [113] , while ǫ λ α is the polarization vector of the photon. l, r(k) and l ′ , r ′ (k ′ ) stand for the momentum of the virtual neutrino (electron) and antineutrino (positron) respectively.
The form factors corresponding to charge radius and the anapole moment, do not concern us here.
The MM and EDM give a contribution to the total cross section for the process e + e − → ν τντ γ of the form:
where x W ≡ sin 2 θ W and E γ , cos θ γ are the energy and the opening angle of the emitted photon.
The expression given in Eq. (26) (26) is reduced to the expression given in Ref. [14] for the standard model minimally extended to include massive Dirac neutrinos.
V. RESULTS AND CONCLUSIONS
In order to evaluate the integral of the total cross section as a function of the parameters of the model, that is to say, µ ντ and d ντ we require cuts on the photon angle and energy to avoid divergences when the integral is evaluated at the important intervals of each experiment. We integrate over θ γ from 44.5 o to 135.5 o and E γ from 15 GeV to 100 GeV .
Using the following values for numerical computation [24] : sin 2 θ W = 0.23126 ± 0.00022,
GeV and considering the most recent limit from [92, 105, 106] :
it is possible to obtain a direct bound on the B-L breaking scale v ′ and take v ′ = 3.45 T eV and α = π 9
. In our numerical analysis, we obtain the total cross section
Thus, in our numerical computation, we will assume
, θ B−L and α as free parameters.
As was discussed in Refs. [14, 39, 114, 115] ,
is the total number of e + e − → ν τντ γ events expected at 1σ, 2σ, 3σ level as is mentioned in the introduction and L = 500 − 2000 f b −1 according to the data reported by the ILC and CLIC Refs. [58, 64] . Taking this into consideration, we can obtain a limit for the tau-neutrino magnetic moment with d ντ = 0. As an indicator of the order of magnitude on the dipole moments, we present the bounds obtained on the µ ντ magnetic moment and d ντ electric dipole moment in Table   V for Table V for the dipole moments are determined while preserving the relationship between M Z ′ and g ′ 1 given in Eq. (27) . This relationship will always remain throughout the article. We observed that the results obtained in Table V are better than those reported in the literature [14-18, 26-34, 38, 39] . The previous analysis and comments can readily be translated to the EDM of the τ -neutrino with µ ντ = 0. The resulting limits for the EDM as a function of √ s, M Z ′ and g ′ 1 are shown in Table V .
In the case of the standard model minimally extended [14] , i.e. in the decoupling limit when θ B−L = 0, g ′ 1 = 0 and α = 0, the bounds generated on the dipole moments are given in Table VI . These bounds are weaker than those obtained with the U (1 Fig. 2 . From the top panel, we can see that the absolute value of the relative correction It is worth mentioning that by reversing the process, we can obtain specific predictions on the U(1) B−L models from the expression of the scattering cross section of the process e + e − → ν τντ γ. Predictions about the models can be obtained by using the upper bound on the ν τ magnetic moment reported in the literature by the L3 Collaboration as an input, which maximize the total cross section, namely µ ντ = 3.3 × 10 −6 µ B (90% C.L.) [39] , and using the data obtained by the ALEPH Collaboration σ = (3.09 ± 0.234) pb Ref. [116, 117] for the cross section, where the error is statistical.
In conclusion, we have found that the process e + e − → ν τντ γ in the context of the standard model minimally extended to include massive Dirac neutrino at the high energies and luminosities expected at the ILC/CLIC colliders can be used to probe for bounds on the magnetic moment µ ντ and electric dipole moment d ντ . In particular, we can appreciate that the 95% C.L. sensitivity limits expected for the magnetic moment at 1000 − 3000 GeV center-of-mass energies already can provide proof of these bounds of order 10 −8 − 10 −9 , that is to say, 2-3 orders of magnitude better than those reported in the literature, see Table   II and refs. [14-24, 26-33, 33, 34] . Our results in Table V compare favorably with the limits obtained by the L3 Collaboration [39] , and with other limits reported in the literature [14-18, 26-34, 38, 39] .
In the case of the electric dipole moment the 95% C.L. sensitivity limits at 1000 − 3000 GeV center-of-mass energies and integrated luminosities of 2000 f b −1 can provide proof of these bounds of order 10 −19 −10 −20 , that is to say, are improved by 2-3 orders of magnitude than those reported in the literature, see Table III and refs. [19-24, 26, 27, 29, 30] .
The above results do not appear outside the realm of detection in future experiment with improved sensitivity. In addition, the analytical and numerical results for the cross section could be of relevance for the scientific community. Further, the results above could have possible astrophysical implications. In this regard, the stellar energy loss rates data have been used to put constraints on the properties and interaction of light particles [118] [119] [120] [121] . In addition, one of the most interesting possibilities to use stars as particle physics laboratories [122, 123] is to study the backreaction of the novel energy loss rates implied by the existence of new low-mass particles such as axions [124, 125] , or by non-standard neutrino properties such as magnetic moment and electric dipole moment [10, 11, [126] [127] [128] .
Our study complements other studies on the dipole moments of the tau-neutrino at hadron and e + e − colliders.
FIG. 1:
The Feynman diagrams contributing to the process e + e − → ν τντ γ (1-4) when the Z(Z ′ ) vector bosons are produced on mass-shell and (5, 6) contributions from anomalous neutrino electromagnetic couplings with initial-state radiation. 
